• Modeling of wood chips gasification in downdraft gasifier was carried out in ASPEN Plus • Due to the mathematical model development issues, three cases are considered and described • Experimental work was carried out within commercial small-scale CHP system • Multiple validation approach was applied for model verification Abstract A thermochemical equilibrium model is formulated for wood chips downdraft gasification. Steady state ASPEN Plus simulator was utilized to evaluate producer gas composition and low heating value. Three cases are considered, due to mathematical model developed issues, and described in details. Experimental work was carried out within commercial small-scale CHP system where twelve beech wood samples were taken. Equivalence ratio is between 0.32 and 0.38 and air-fuel ratio ranges from 1.49 to 1.81, when gasifier capacity is optimal, at 250 kW. Mole fractions of CO 2 , H 2 , CO, CH 4 and N 2 , in dry producer gas, are respectively, 16. 06-17.64, 17.98-20.33, 13.71-17.26, 1.65-2.89 and 43.21-48.36. Multiple validation approach was applied for model verification. The results are in reasonable agreement with different literature sources (experimental work and modeling) and in a great agreement with the modified equilibrium model developed in Engineering Equation Solver found in the literature. Result deviations are explained by two major facts: wood downdraft gasification experiments are to a certain extent different and the model parameters could not be adjusted enough to fully minimize differences between model results. Predicted low heating value of dry producer gas is between 4.67-5.61 MJ/Nm 3 .
syngas can be standardized in their quality and can be used to power gas engines and gas turbines (e.g., combined heat and power (CHP) systems) or as a chemical feedstock (e.g., liquid fuel production), which means that gasification adds value to low-or negative-value feedstock by converting it into marketable fuels and products [5] . Since biomass gasification within CHP system is in the focus of this paper, it is important to emphasize the importance of such systems in terms of climate change mitigation, energy security and increasing energy efficiency [2] . Good quality gas has high heating value and low tar content. The gas quality is affected by parameters such as biomass characteristics (size, density, ultimate and proximate analysis), process parameters (biomass consumption rate, equivalence ratio (ER) and gasification temperature and pressure) and gasifier design [4, 5, 8] . Depending on the direction of biomass and producer gas/syngas flow in the gasifier, fixed-bed gasifiers can be generally categorized as updraft, downdraft and cross-draft [6, 7, 9] . Since the downdraft gasifier is in the focus of investigation, other types of fixed-bed gasifiers will not be discussed. Typically, downdraft gasifiers have a capacity of 10 kW-1 MW [4] . Biomass feedstock is fed from the top. Gasifying agent, typically air, oxygen or steam, is fed from the top (open-core) or from the side (throated), Figure 1 [10] . The main advantages of downdraft gasifiers are easy fabrication and operation, suitability for biomass with low moisture content and low tar and ash content in a produced gas. On the other side, disadvantages are related to biomass type and feed size limitations, moisture content sensitivity, low heating value of produced gas, scale limitations, appearance of grate blocking, channeling and bridging [4, 5, 11, 12] . Due to the complexity of biomass gasification, simulation and prediction of the process performance are continuously developing research areas and subjects of lots of studies. Mathematical modeling of gasification could be categorized into thermodynamic equilibrium model, kinetic model, artificial neural network (ANN) model and computational fluid dynamic model (CFD) approaches. Diverse to the thermodynamic equilibrium models that are predicting maximum possible product quantity, kinetic models are predicting product quality features (composition and fractions of products in different reactor zones). There are parameters within kinetic models that are limiting their application. On the other side, thermodynamic equilibrium models are suitable for investigating different parameter impact on producer gas/syngas composition and are not limited with gasifier design. Still, difficulties caused by low process temperatures (low outlet gas temperatures) may occur while reaching thermodynamic equilibrium [5, 13] . In this study, equilibrium modeling was carried out within Aspen Plus with a purpose to investigate wood chips gasification in downdraft gasifier in order to determine gas composition and heating value of producer gas. ASPEN Plus was very convenient for such an investigation because it is reliable, problem-oriented and a userfriendly process simulator and a great tool for utilization when there is a need to avoid complex processes such as gasification and to develop very simple models. There are also process model simulators that are combining thermodynamic equilibrium model and kinetic model approaches. Within Aspen Plus, there is such a possibility, but it was not considered in this study.
Theoretical background
Broadly speaking, the principle stages of gasification are drying, devolatilization (pyrolysis), oxidation (combustion) and reduction, Figure 2 [5] . Normally, suitable moisture content of biomass for downdraft gasifiers ranges from 5 to 35% [4, 5, 9] . Drying stage occurs at about 100-200 °C, when the moisture starts converting into water vapor, and it takes place due to the heat transfer from the hotter oxidation zone [4] . Higher moisture content requires more heat for drying. The rate of drying depends on the surface area of the biomass feed, the temperature difference between the feed and its external environment and the internal diffusivity of moisture within the feed. It is important to point out that drying is not a discreet process and it also occurs alongside pyrolysis as temperature increases [10] . Devolatilization (pyrolysis) occurs at about 200-700 °C in the absence of a gasification (oxidation) agent. Biomass starts decomposing irreversibly, due to the partial oxidation heat released (thermal degradation), into a mixture of noncondensable gases (CO, H 2 , CO 2 and CH 4 ), tar and char. Decomposition of tar into gas, char and liquid occurs in the secondary tar-cracking reactions [4] . The release of volatiles begins at about 250 °C, until under the conditions in a downdraft gasifier, 80-95% of the original mass is converted, leaving 5-20% highly reactive charcoal [10] . During this stage, both homogeneous and heterogeneous reactions take place. Oxidation (combustion) provides heat not only for drying and pyrolysis, but also for endothermic gasification reactions during the reduction stage. It occurs between solid carbonized biomass and air, oxygen or steam, at about 800-1400 °C, resulting in formation of CO 2 , CO and H 2 O [4, 5, 9] . The volatile products of pyrolysis are partially oxidized in highly exothermic reactions resulting in rapid temperature increase. The oxidation reactions of volatiles are very rapid and oxygen is consumed before it can diffuse to the surface of the char. Therefore, no oxidation of the char can take place [10] . Combustible gases in producer gas/ /syngas are formed during the reduction stage when main gasification reactions occur. Reduction occurs at about 800-1000 °C followed by endothermic reactions in majority [4, 5, 9] . Solid char is converted into gas by reactions with the hot gases from zones above. Gases are reduced to form a greater proportion of H 2 and CO. The gasification reactions of the liquid products of pyrolysis are complex and are not widely discussed in literature [10] . Characteristic reactions of the gasification process and the principle stages are presented in Table 1 . 
MATERIALS AND METHODS
Experimental setup within the CHP facility
The experiment was performed within a commercial small-scale CHP plant, Figure 3 . Wood chips are stored in the outdoor covered bunker, located close to the plant. When the level of chips gets below the recommended value in the bunker next to the gasifiers, it is necessary to fill it with a new batch. Warm air-drying comes after the batch is being transported from one bunker to another by an excavator, to reduce moisture content in the wood. Afterwards, dried wood chips are transported by conveyer directly to atmospheric throated downdraft gasifiers. It takes approximately 24 h from the moment when a new batch is transported to the "drying" bunker until wood chips are gasified in the presence of air. Producer gas proceeds through filtration and cooling before being combusted in the gas engine.
Room temperatures, where gasifiers are located, and outlet temperatures of producer gas (t 1 and t 2 ) were recorded on SCADA, Supervisory Control and Data Acquisition system within CHP, Table 2 . Since CHP consists of same two gasifiers and since SCADA gives information about both producer gas outlet temperatures, the average of those temperatures, t 1 and t 2 , is considered as the relevant one for further gasification modeling of the downdraft gasifier.
Biomass material
The feedstock used in the investigation was beech wood chips that are approximately rectangular in a shape with average dimensions of 40 mm×65 mm. Based on a feed level difference in the bunker next to the gasifiers, within 24 h, it was estimated that feedstock mass flow per gasifier is approximately 200 kg/h (wet basis). Twelve samples were taken after drying, directly from the conveyor, just before entering gasifiers. Sampling, sample preparation and fuel characterization was fulfilled following the relevant ISO/TC 238 standard [14] procedures for solid biomass. The wood chips properties are summarized in Table 3 .
Aspen Plus model
Advanced System for Process Engineering (ASPEN) is a software package that gives a complete integrated solution to chemical processes and reactors. Steady state ASPEN Plus simulator was developed to evaluate producer/syngas constituents [15] . After placing the blocks, models of specific process operations, on the flowsheet, the user is specifying material, inlet and outlet streams of the blocks. As the ASPEN Plus process simulator does not have a built-in gasifier model, a number of reactor types defined in ASPEN are used to model each zone of gasification [16] .
In order to simulate wood chips gasification in a downdraft gasifier based on the experiment that was carried out, four different blocks were considered, Figure 4 . The first one: wood decomposition (DECOMP block), within RYield reactor, where wood is converted into its components including carbon, hydrogen, oxygen, nitrogen, moisture and ash, according to its ultimate analysis. This type of reactor is used when reaction stoichiometry or reaction kinetics are unknown or unimportant, while the yield distribution is known [17] . The second one: volatile reactions with air (combustion and reduction stages) (GASIFIER block), within RGibbs reactor, where the raw producer gas (RAWSG stream) is generated. This type of reactor is used when reaction stoichiometry is unknown, while temperature and pressure in the reactor are known [17] . The third one: Solid Separator-Cyclone (FILTER block), in which the separation of ash from the raw producer gas occurs, resulting with SYNGAS and ASH streams. The fourth one: Heat Exchanger (HEATEXC block), heat generated from the decomposition (HEATDEC stream) and from combustion and reduction processes in gasifier (QCOMB stream) is used for water heating water from 20 to 100 °C, Table 4 . More detailed specifications of each of the reactors, RYield and RGibbs, are presented in Table 5 .
The following assumptions [18] were considered while modeling the gasification process:
• The whole process is steady state and isothermal in the same section; • Char only contains carbon and ash. Ash is inert and it does not participate in any of the chemical reactions;
• Tars are assumed to be negligible in the producer gas and are not taken into account.
Considered cases
In the first stage, cases 1, 2 and 3 of model development tests were carried out only for wood chips sample S1. When the model was improved and validated, a simulation run was carried out for all twelve samples S1-S12. A sensitivity analysis was fulfilled by varying types of regime in the gasifier and the operating parameters, gasifier capacity, temperature and air feed. In the first stage model predicted producer gas composition and low heating value (LHV) were only validated with [11] by comparing model results with typical producer gas composition and LHV ranges for downdraft gasification of wood. ER was validated with [19] by comparing it with the range for ideal and theoretical gasification (0.19, 0.43). Due to the technical difficulties in CHP, it was not possible to measure air feed rates and to take producer gas samples. Wood chips flow, 200 kg/h (wet basis) and pressure value, inside and outside of gasifier, 1 bar, are considered as equal and constant. Inlet temperature of each sample and inlet air temperature are taken into account as equal to proper room temperature recorded on SCADA. The average of twelve average outlet temperatures of t 1 and t 2 ( Table   2 ) is considered as producer gas outlet temperature in the first stage. Brief methodology for all considered cases is presented in Table 6 . All presented cases were considered due to mathematical model developed issues. Multiple validation approach was applied for model verification.
RESULTS AND DISCUSSION
The results of proximate and ultimate analysis of the wood chips sample S1 used for different case analyses are presented in the Table 7 . Simulation results for Case 1 are presented in Table 8 . Graphical presentation of these results is available as supplementary material. For the average measured value of producer gas temperature, 400 °C, ER and LHV are in the ranges, Table 9 , only for the 350 kW gasifier. As the capacity increases, CO 2 has a trend of decreasing. However, when capacity is 400 kW, the fraction of CO 2 in producer gas is still high above the range. High values are probably caused by very a dominant carbon oxidation reaction, reaction R1 in Table 1 . Predicted H 2 and CO fractions in the producer gas are very low. Contribution of CH 4 is almost as high as CO 2 for the 150 kW gasifier. By increasing capacity, CH 4 has a trend of more rapid decrease, compared to CO 2 , but still it does not reach the range. The cause of consumption of H 2 and CO and generation of CO 2 and CH 4 is the methanization reaction, reaction R2 in Table 1 . Table 7 . Considered cases and implemented methodology Case Methodology 1 Establishing the optimal value of gasifier capacity (unknown value) was achieved through varying air feed within the RGibbs reactor, until fitting into recommended ranges, Table 8 . Calculations were carried out using the "Calculate phase equilibrium and chemical equilibrium" gasifier regime. By choosing this calculation option, operating conditions pressure in the gasifier and outlet temperature of producer gas have to be defined, so the composition, LHV and ER could be calculated for the equilibrium state. Outlet temperature in the RYield reactor is the same as the temperatures of sample S1 and air (room temperature), 20.5 °C, Table 2 . The gasifier capacity varied from 150 kW to 400 kW. Producer gas outlet temperature was varied, 400 (average measured), 600 and 800 °C, to examine the effect of it on gas composition and heating value.
2
The next set of calculations was carried out using the "Restrict chemical equilibrium -specify temperature approach or reactions" gasifier regime. By choosing this calculation option, beside operating conditions, pressure in the gasifier and outlet temperature of producer gas, the temperature approach for entire system has to be defined as well. It means that the number of degrees above the gasifier temperature at which chemical equilibrium is computed has to be specified. Again, the gasifier capacity was varying from 150 to 400 kW. Also, outlet temperature in the RYield reactor (DECOMP outlet temperature) was varying, 20.5, 400, 600 and 800 °C. Producer gas outlet temperature is fixed, 400 °C. Chemical equilibrium occurs at 800 °C.
3
After defining gasifier capacity, further analysis is conducted to study the effect of chemical equilibrium temperature on producer gas and CH4. Gasifier regime and producer gas outlet temperature are kept the same as in Case 2. Chemical equilibrium temperature is varied from 550 to 800 °C, with 50 °C temperature difference.
Case 2 Results
Case 2 results are presented in Table 10 . Graphical presentation of these results is available as supplementary material. ER, composition and LHV of producer gas do not depend on DECOMP outlet temperature. ER and LHV are in/close to the recommended ranges, Table 9 , for 150, 200 and 250 kW gasifiers. In general, the model showed reasonable agreement with [11] with the exception of CH 4 . This time, the methanization reaction, reaction R2 in Table  1 , did not take the place, resulting in CH 4 concentration being close to zero. Based on the results, the manufacturer's recommendations and additional consultations with CHP designers, the conclusion is that the optimal gasifier capacity in this regime is 250 kW.
Case 3 Results
The final results, for S1 wood chips sample, are presented in Table 11 . Graphical presentation of these results is available as supplementary material. ER, producer gas composition and LHV of producer gas are in a very good agreement with the ranges from Table 9 for 600 °C chemical equilibrium temperature. It means that equilibrium is reached when the temperature in the gasifier is 200 °C above the outlet temperature of the producer gas (400 °C measured). Chemical equilibrium temperature decrease has affected CH 4 by providing its increase.
Model validation for all wood chips samples
Model predictions, for all the samples, S1-S12, are in reasonable agreement with different literature sources [5, 11] and [20] [21] [22] [23] [24] [25] [26] , Tables 12 and 13. The  first group of authors, Table 12 , present a too general review of data related to wood gasification, lacking relevant information. The second group of authors, Table 13 , present their experimental work or model development. The presence of result deviations are explained by two main facts, wood downdraft gasification experiments are to a certain extent different and the model parameters could not be adjusted enough to fully minimize differences between model results. The mathematical model for corn cob gasification process, developed in Engineering Equation Solver (EES) presented in [27], was also used in this study for Aspen Plus model validation. The EES model is also equilibrium model that involves the principle stages of gasification through sub-processes of drying, pyrolysis and gasification. It is a steady state model that is predicting product (CO 2 , H 2 , CO, CH 4 , N 2 and H 2 O) distribution trends depending on biomass composition, process temperature and equivalence ratio, and also potential air preheating, steam injection or oxygen enrichment. Modifications of the EES model were made in order to utilize it for wood chips gasification and to minimize differences between Aspen Plus and EES models as much as possible. Since the mole fraction of CH 4 has to be a fixed value, adopted from the literature, the resulting CH 4 value from Aspen Plus is taken into account in EES. It was necessary to vary heat losses in the EES gasifier until ER for all twelve samples did not match with twelve Aspen Plus ER values, Figure 5 . Aspen Plus results are in great agreement with the obtained results in EES, Figures 6-8 , and in very good agreement with ranges from Table 8 . Heat output in EES gasifier is in a reasonable agreement with the optimal value of gasifier capacity, 250 kW, determined in Aspen Plus. Figure 5 . ER for each of the twelve samples S1-S12.
CONCLUSION
In this study, a thermochemical equilibrium model for wood chips downdraft gasification has been presented. Equilibrium composition and LHV of the producer gas are predicted based on the Gibbs energy minimization method implemented within the RGibbs reactor in Aspen Plus. There is no influence of outlet temperature in the RYield reactor on the predictions. Chemical equilibrium temperature within the "Restrict chemical equilibrium -specify temperature approach or reactions" gasifier regime controls the whole process. Optimal gasifier capacity and gasification temperature are 250 kW and 600 °C, respectively. This conclusion is primarily based on model provided outputs, ER, producer gas composition and LHV, and their agreement with the literature. Producer gas composition and LHV are in very good agreement with the literature and in great agreement with the results provided from the modified equilibrium model in Engineering Equation Solver (EES). The presented model can be used for producer gas composition and heating value estimations in similar commercial small-scale systems.
